Abstract. Indirect competition emerged from the complex organization of human societies, and knowledge of the existing network topology may aid in developing effective strategies for success. Here, we propose an agent-based model of competition with systems co-existing in a 'small-world' social network. We show that within the range of parameter values obtained from the model and empirical data, the network evolution is highly dependent on k, the local parameter describing the density of neighbors in the network. The model applied to language death and competition of telecommunication companies show strong correspondence with empirical data.
Introduction
Competition drives intelligent beings to develop strategies for better adaptation and survival. Ecological competition for resources or space, for example, may drive a species to extinction in the absence of an adaptive mechanism. While ecological competition is in itself interesting, other forms of competition have sprung up from the complex organization of human societies. Such competition dynamics are called indirect competition [1] in the sense that they have Send offprint requests to: etlegara@gmail.com no material resource and involves nonliving entities that thrive out of human interactions. Indirect competition is an interesting case for study given the wide scope of its possible applications. In analogy to direct competition, these competition dynamics still have the resource and spatial aspects, although in a slightly different sense: resource refers to the individuals, and space represents their actual distribution in a social network where they belong.
Examples of such entities include language [2] ; word-ofmouth businesses [3] ; ethnic violence [4] Internet service providers and telecommunication companies [5] .
In studying competition dynamics of this nature, the underlying network structure of human societies must be accounted for. Real human networks are not uniform and perfectly structured or random, but are in fact midway between these two extremes with very high clustering coefficients and short characteristic path lengths [6] . The number of friends in an acquaintanceship network is not the same for all individuals and it is therefore not straightforward to assume that agents in the real world will behave similarly under the same circumstances. This is so because earlier works prove that decision-making in humans is most affected by the local neighbourhood of friends or cliques [7, 8, 9] , and the dynamics of connection with friends can catalyze competition and diversity in business and society [10] .
Competition in business is an interesting example for studying indirect competition because it employs advertising as a strategy to obtain a larger market share. In fact, the advertising industry is projected to spend USD 653.9 billion worldwide for the year 2008 [11] . This staggering amount is a testament to the efforts of big companies to influence the public to purchase their products and services. 
Agent-based simulations
The motivation for the use of ABM is the difficulty in using differential equations, in the limit of large populations with highly complex interactions, to capture emergent properties of social systems. These essential features, on the other hand, are readily observed in variants of ABM [12] . In fact, many works using ABM have dealt on modeling a variety of social phenomena such as cooperation [13] , information/epidemic propagation [14, 15, 16] , evolution of social structures [9, 17] and other forms of social interaction [18] .
In this work, we construct a Watts-Strogatz (WS) smallworld network of agents to model indirect competition. Upon the construction of the network, a fraction of N is arbitrarily assigned to be into one of the two competing groups X and Y . Agent interaction is simulated and limited only to those they are socially connected with.
Suppose that for one time step, an agent from Y decides to transfer to X. The transition probability for this happening is given by
where k x is the number of neighbors an agent has who belong to group X, and s x , the perceived status of X, a parameter that quantifies "the social and economic opportunities afforded" to members of X [2] . The parameters α and γ are scaling exponents. Using a transition probability in the form of Eq. (1) in effect categorizes the factors that may affect people's choices into two general types: a global factor in s that is external to the network architecture, and a local factor in k that accounts for the prevailing network conditions. The probability to change from X to Y is constructed in the same manner. These transition probabilities govern the evolution of the two competing groups. Edges indicate friendships between two agents.
Results

Network topology and evolution
For purposes of illustration, we present in Figure 1 Rather than being randomly distributed throughout the entire network, groups belonging to X and Y tend to be clustered and are thus spatially distinct from each other.
This observation supports the Schelling socio-economic model of segregation and is observed in human societies [20, 21] .
Dynamics of language death
The rate of decrease in the number of languages spoken is alarmingly high, and it is even predicted that 90 percent of the world's spoken languages will vanish by the end of the century [22] . In an earlier work, Abrams and Strogatz pro- We applied our competition model to investigate the evolution of a minority language using Welsh speakers data from historical accounts spanning 1900 -1980. Figure   2 compares our simulation results and empirical data. Our indirect competition ABM of language endangerment accurately describes the evolution of the minority language.
It is evident that as time increases, the model forecasts that the number of Welsh speakers would further decrease.
It should be noted that indirect competition of language in a society is a continuous process, which involves very little strategy on the part of the language users themselves. The use of a language is primarily dictated by the prevailing social and economic conditions, and rarely do we see groups lobbying for or against a language or another. In the next section, a more active arena of social Erika Fille Tupas Legara et al.: Agent-based model of competition in a social structure 5 competition is investigated, and strategies for "winning" in such competition dynamics are proposed.
Business competition
As noted before, business competition involves advertising as a strategy. There is an active and continuous effort in Among the more immediate advantages of doing such are:
(1) faster information dissemination and (2) lower dissociation probability due to strong loyalty to friends. Ultimately, these translate to a larger share of users in the population, which is "winning" in the indirect competition.
Conclusion
The competition model presented here accurately described the evolution of a minority language and business competitions -both considered as forms of indirect competition.
We have shown that the dynamics of the population of communities depends on: (1) the perceived status of the community and (2) the degree of connection of individual agents. Introducing the latter in our model sufficiently accounted for the important role of social interactions in correctly describing the dynamics of such emergent competition. Finally, we suggest that our model of indirect competition in a social network is general and straightforward and can be applied to other forms of competing community structures that already exist.
